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Technical  Summary 


Synthesis 

The  working  hypothesis  in  attempts  to  synthesize  a  new  class  of  superconductors  was 
based  upon  the  formation  of  anions  of  LOGEAs  (Large  Organic  Globular  Electron  Acceptors)  by 
their  reaction  with  alkali  metals.  By  analogy  to  reactions  of  alkali  metals  with  fullerenes  to  form 
superconducting  compounds  such  as  K3C6O.  it  was  thought  that  large  aromatic  molecules  capable 
of  accepting  more  than  one  electron  would  be  attractive  candidates. 

To  establish  the  techniques  needed  to  study  more  complex  compounds,  initial  experiments 
were  carried  out  with  tripod  ethers^,  1  and  2,  reduced  with  sodium.  Another  model  system  was 
quinoxaline,  3,  reduced  with  potassium.^  A  reduced  LOGEA  that  had  been  previously  studied  by 
Echegoyen,  Lehn  and  co-workers^’^  was  sodium  cryptatium,  4,  but  its  synthesis  is  complex.  It 
led,  however,  to  a  joint  study^  with  Echegoyen  of  Ru(bipyridyl)3  and  to  a  search  for  more  easily 
synthesized  aromatic  cryptands.  Based  upon  methods  described  in  the  literature, a  class  of 
Schiff-base  cryptands  was  chosen  for  study.  These  are  readily  synthesized  on  a  gram-scale  by  the 
reaction  of  the  triamine  5  with  an  aromatic  di-aldehyde  such  as  6.  A  large  number  of  Schiff-base 
cryptands  with  the  general  formula  7  were  synthesized  as  indicated  in  Figure  1,  along  with  the 
single-strand  reference  compounds,  8. 

The  Schiff-base  cryptands  provide  ideal  LOGEAs  for  study.  They  are  readily  synthesized, 
easily  reduced,  can  accept  up  to  three  electrons  per  molecule,  and  form  thermally  stable  anions 
upon  reaction  with  alkali  metals.  A  major  problem,  however,  has  been  the  inability  to  grow 
suitable  crystals  of  the  anion  salts  for  X-ray  diffraction  studies.  In  the  one  crystal  structure  that  has 
been  obtained,  that  of  7a-K-2(CH3NH2).  the  K"*"  ion  is,  surprisingly  outside  of  the  complexant 

and  is  strongly  coordinated  by  methylamine.  Many  attempts  were  made  to  crystallize  other 
adducts,  particularly  those  which  utilize  lithium  as  a  reductant,  since  it  is  likely  that  Li+  is 
encapsulated  within  the  cryptand  cavity.  No  suitable  crystals  were  obtained,  although  as  described 
below,  a  number  of  studies  were  made  with  powdered  samples,  frozen  solutions  and  liquid 
solutions  of  the  reduced  Schiff-base  cryptands. 
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Figure  1.  Aromatic  Schiff-base  cryptands  that  have  been  synthesized  in  our  laboratory. 


Indications  of  Superconductivity  (SC) 

The  most  obvious  sign  of  SC,  zero  resistance,  is  not  usually  found  in  early  studies  because 
only  a  small  fraction  of  the  sample  is  superconducting.  Identification  of  the  phase  responsible  and 
its  purification  are  required  to  yield  a  sample  that  has  zero  resistance  and  magnetic  flux  exclusion 
(Meissner  effect).  There  are  two  general  methods  in  addition  to  resistivity  that  are  used  to  identify 
the  presence  of  a  SC  phase  in  an  impure  sample.  The  most  sensitive  of  these  is  LFMA  (Low  Field 
Microwave  Absorption)  also  called  MMA  (Magnetosensitive  Microwave  Absorption)  in  which  an 
EPR  signal  centered  at  zero  field  is  observed  that  decreases  as  the  temperature  is  increased  and 
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disappears  at  the  critical  temperature.^' This  effect  reflects  the  limited  penetration  of  eddy 
currents  into  a  superconducting  particle  and  has  been  described  as  a  definitive  indicator  of  SC 
when  the  characteristic  temperature  dependence  is  observed. 

The  second  indicator  of  SC  is  a  pronounced  onset  of  diamagnetism  as  the  temperature  is 
reduced  below  Tc.  Since  a  pure  superconductor  has  a  (volume)  susceptibility  of  -  l/4p.  less  than 
1  %  of  a  superconductor  in  a  sample  would  have  an  easily  detectable  downturn  in  the  magnetic 
susceptibility. 

The  present  research  was  carried  out  in  collaboration  with  a  former  student,  Dr.  Marc  De 
Backer,  a  Professor  in  the  HEI  (Haute  Etude  Industrielle)  in  Lille,  France  and  a  member  of  the 
CNRS.  When  he  reported the  observation  of  LFMA  in  samples  of  the  Schiff-base  cryptand  7a 
reduced  with  K  or  Rb  (see  Figure  2),  an  intensive  two-year  search  began  in  both  his  laboratory  and 
ours,  to  investigate  the  source  of  this  effect.  Dr.  De  Backer  spent  time  in  our  laboratory  to  further 
study  these  systems. 

Not  all  samples  showed  LFMA,  but  some  samples  in  both  laboratories  gave  positive  results 
and  two  preparations  also  showed  a  marked  downturn  in  the  magnetic  susceptibility  starting  at  ~  30 
K  (Figure  2).  The  magnitude  of  the  latter  effect,  if  due  to  SC,  indicated  the  presence  of  only  about 
0.05%  SC  phase.  This  effect  on  the  susceptibility  was  never  observed  with  subsequent  samples. 


Figure  2.  (a)  LP^A  of  Rb  +  7a  at  T  up  to  50  (b)  and  (c)  Molar  Magnetic  Susceptibilityy  of 

Rb  +  7a  and  K  +  7b,  respectively. 
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It  has  gradually  become  apparent  that  the  presence  of  LFMA  is  a  necessary,  but  not 
sufficient  condition  for  superconductivity.  It  was  observed  in  an  organic  ferromagnet^^  and 
Veinger,  Zabrodskii  and  Tisnek^^  found  LFMA  signals  in  some  oxide  glasses  doped  with 
transition  metals  and  reported  its  observation  by  others  in  gallium  arsenide  grown  at  low 
temperatures  (which  they  attributed  in  all  cases  to  the  presence  of  superconducting  phases).  After 
our  inability  to  isolate  the  phase(s)  responsible  and  even  the  observation  of  weak  LFMA  signals  in 
some  of  the  empty  EPR  sample  tubes,  we  concluded  that  LFMA  can  arise  from  other  causes  than 
superconductivity.  The  downturn  in  magnetic  susceptibility  is  harder  to  dismiss,  but  it  was  not 
observed  with  subsequent  samples,  so  it  may  have  been  due  to  instrumental  artifacts.  Indeed,  a 
recent  report  from  the  De  Backer  lab^^  showed  that  even  an  empty  Suprasil  tube  can  give  a 
downturn  in  the  susceptibility! 

Properties  of  Reduced  Schiff-Base  Cryptands 
Optical  Spectra: 

Although  attempts  to  isolate  a  superconducting  phase  from  reduced  Schiff-base  cryptands 
occupied  an  inordinate  amount  of  time,  these  compounds  continue  to  be  good  candidates  for  the 
study  of  optical,  electronic  and  magnetic  properties.  Studies  of  the  optical  absorption  spectra  of 
solutions  in  tetrahydrofuran  (THF),  methylamine  (MeNH2)  and  dimethyl  ether  (Me20)  of  a 

number  of  reduced  aromatic  compounds  and  of  thin  solvent-free  films  of  the  same  compounds 
generally  show  similar  results.  The  films  are  formed  by  vapor  co-deposition  of  the  alkali  metal 
and  complexant  onto  a  sapphire  substrate  in  high-vacuum,  by  deposition  of  the  alkali  metal  on  a 
solvent-evaporated  film  of  the  complexant,  or  by  evaporation  of  solvent  from  a  “wet”  film  of 
solution  on  an  optical  window  within  a  quartz  cell.  The  solution  spectrum  of  the  Schiff-base 
cryptand  7a  in  tetrahydrofuran  (THF)  as  a  function  of  time  of  exposure  to  a  K  film  is  shown  in 
Figure  3.  Formation  of  the  mono-anion  results  in  a  peak  at  620  nm  and  a  broad  peak  at 
~  1350  nm  (Fig  3,  solid  line) .  Further  reduction  to  the  dianion  results  in  disappearance  of  these 
two  peaks  and  formation  of  a  peak  at  ~  460  nm  (Fig.  3,  dashed  bottom  line) .  This  behavior  has 
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been  verified  by  studies  with  stoichiometric  amounts  of  K  and  7a.  There  is  evidence  that  contact 
ion-pair  formation  may  also  play  a  role  since  the  IR  peak  is  strongly  solvent-dependent  and  also 
changes  when  a  complexant  for  is  added.  We  do  not  yet  fully  understand  the  origin  of  these 
effects  but  they  imply  that  on  the  optical  time  scale  the  electronic  charge  may  be  localized  on  a 
strand  or  strands  near  the  counter-cation. 


Figure  3.  Variation  of  the  optical  spectrum  of  K  metal  +  7a  in  THF  at  -40  °C  with  time  of  standing 
over  a  metal  film.  The  spectrum  given  by  the  solid  line  is  that  of  the  mono-anion 
radical .  Changes  with  time  correspond  to  the  formation  of  the  dianion,  whose 
spectrum  is  given  by  the  final  (dashed)  line. 

Cyclic  Voltammetry: 

C-V  studies  in  THF  are  difficult  because  of  the  low  solubility  of  supporting  electrolytes.  It 
was  necessary  to  carry  them  out  at  room  temperature.  This  has  the  disadvantage  that  THF  tends  to 
react  with  the  reduced  species.  Figure  4  shows  the  presence  of  two  reversible  reduction  waves  of 
7a  as  well  as  a  third  irreversible  reduction  wave.  These  results  agree  with  the  ease  of  synthesis  of 
the  dianion.  With  the  naphthalene  Schiff-base  cryptand  7c,  the  trianion  salt  is  readily  formed  with 
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rubidium.  Thus  a  large  family  of  mono-,  di-  and  tri-anions  of  a  variety  of  Schiff-base  cryptands  is 
available  for  study. 


Figure  4.  Cyclic  voltammogram  of  K  -t  7a  in  THF  at  room  temperature  showing  two  reversible 
reduction  waves  and  one  irreversible  reduction  wave.  The  reference  compound  (0  volts) 
is  ferrocene. 

EPR  Spectra: 

Extensive  EPR  studies  of  various  reduced  Schiff-base  cryptands  in  solution  in  THF, 

Me20,  MeNH2  and  benzene  have  been  made,  and  anions  of  the  single  strand  reference  compound, 

8  have  also  been  studied.  Hyperfine  coupling  to  nitrogens  and  hydrogens  are  observed  for  the 
contact  ion-pair  with  the  mono-anion  of  7a.  *  ^  On  the  EPR  time  scale,  all  three  strands  are 
equivalent,  showing  that  the  cation  can  move  around  the  molecule  without  dissociation.  Addition 
of  a  cryptand  complexant  for  the  cation  removes  the  hyperfine  coupling  and  shows  that  rapid  ion- 
pair  dissociation  and  association  can  occur  for  solvent  (-or  complexant-)  separated  ion  pairs. 

Figure  5  gives  some  representative  examples. 
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Figure  5.  EPR  spectra  of  K  +  7a  in  dimethyl  ether  without  (a)  and  with  (b)  the  addition  of 
cryptand  [2.2.2].  Spectrum  (a)  is  that  of  the  contact  ion-pair  betweeen  K  and  the 
mono-radical  anion,  while  that  of  (b)  is  from  the  complex-separated  ion-pair. 

The  EPR  spectra  of  dianions  show  very  strong  absorptions,  which  suggests  that  a  singlet 

state  is  not  formed,  but  rather  that  the  di-reduced  molecule  is  similar  to  a  bi-radical.  The  tri-anion 

of  7c  with  Rb  forms  a  quintet  state. 

Magnetic  Susceptibility: 

Except  for  the  two  anomalous  samples  described  above,  the  magnetic  susceptibilities  of 
powdered  samples  of  the  mono-anion  salts  of  7a,  b,  c  are  as  expected  for  a  paramagnetic  system. 
The  susceptibilities  obey  the  Curie-Weiss  law  with  relatively  weak  antiferromagnetic  interactions. 
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Some  show  a  maximum  in  the  susceptibility.  We  have  not  yet  studied  the  magnetic  susceptibilities 
of  di-  and  tri-anion  salts. 

Thermal  Stabilities: 

Although  THF  solutions  of  the  reduced  Schiff-base  cryptands  are  unstable,  the  solid 
powders  and  solutions  of  them  in  benzene  and  toluene  are  thermally  stable  at  room  temperatures 
and  above  (up  to  -  8O00C).  This  portends  well  for  future  applications  if  the  solid  salts  have  useful 
optical,  electronic  or  magnetic  properties.  The  inability  to  prepare  solvent-free  crystals  has 
impeded  studies  of  the  solid-state  properties,  but  we  feel  that  the  study  of  solid  compounds  of 
alkali  metals  and  LOGEAs  ,  an  area  of  research  that  is  virtually  unexplored,  is  certainly  worth 
pursuing  in  the  future. 

Theory  and  Modeling 

The  initial  thrust  of  theoretical  calculations  was  to  use  tight-binding  calculations  to 
determine  the  electronic  energy  levels  of  LOGEAs,  for  correlation  with  optical  spectra,  reduction 
potentials  and  magnetic  coupling.  This  was  then  to  be  extended  to  permit  calculation  of  electron- 
phonon  coupling  as  a  prelude  to  the  interactions  that  might  lead  to  superconductivity.  Our  inability 
to  obtain  the  structures  of  solvent-free  alkali  metal  adducts  to  LOGEAs  made  such  calculations 
difficult,  since  it  was  first  necessary  to  use  molecular  modeling  to  estimate  structures.  As  a  result, 
the  theoretical  efforts  focused  on  two  related  areas  as  described  below. 

Fullerene  Structures  and  Properties: 

The  Tomanek  research  group  carried  out  a  number  of  calculations  of  fullerene  stability, 
structure  and  vibrational  spectra.  This  resulted  in  nine  publications  that  acknowledged  AFOSR 
support  (see  the  Executive  Summary).  These  calculations  were  particularly  important  in 
characterizing  multi-shell  carbon  fullerenes  and  nanotubes. 

Modeling  Void  Spaces  in  Crystal  Structures: 
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Of  importance  to  electron-electron  interactions  in  electrides  and  in  communication  between 
anions  of  LOGEAs  is  the  nature  of  the  void  spaces  in  crystals.  Another  area  where  such 
visualization  is  important  is  the  geometry  of  the  inter-molecular  spaces  in  zeolites  and  similar 
porous  crystalline  systems.  With  support  from  the  AFOSR  Grant,  programs  were  developed  that 
permit  easy  visualization  of  the  void  spaces  when  the  crystal  structure  is  known.  The  method  also 
permits  examination  of  anion  and  cation  trapping  sites  in  such  crystals.  For  example,  the  shapes 
and  connectivities  of  the  interstitial  sites  in  alkali  metal  reduced  C50  are  readily  studied  with  these 

methods. 

The  development  and  application  of  these  programs  was  described  in  a  paper  that 
acknowledged  AFOSR  support.^^  The  programs  and  instructions  for  their  use  are  available 
without  charge  by  anonymous  FTP  from  argus.cem.msu.edu  with  the  directory  path 
/pub/dye/voids. 
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